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One- and two-dimensional angular correlation of positron-electron annihilation
radiation (1D and 2D-ACAR) data have been obtained between 293 and 903 K for single
crystals of aluminum. The peak counting rates vs temperature, which were measured
using the 1D-ACAR technigue, provide a model independent value for the temperature
dependence of the positron trapping probability. Using these results it is
possible to strip out the Bloch state contribution from the observed 2D-ACAR
surfaces and then compare the resulting defect ACAR surfaces to calculated 2D-ACAR
surfaces for positrons annihilating from the Bloch, monovacancy, and
divacancy-trapped states. The result of this comparison is that the presence of an
increasing equilibrium divacancy population is consistent with the observed
temperature dependence of ACAR data at high temperature in Al and that the present
results when compared to earlier studies on Al indicate that the ratio of the
trapping rates at divacancies and monovacancies is of order two.
1. EXPERIMENT o
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The present data (1,2) were obtained at Bran-
deis Univ. using 1D~ and 2D-ACAR instruments
(3-5). Peak-count rate 1D-ACAR measurements
(2.0 mrad FWHM) were performed for the <100>,
<110>, and <111> crystal orientations of Al.
Data was accumulated in temperature steps of 5 K
so that both monovacancy and mono-divacancy
trapping model analyses could be performed on
the data. The 2D-ACAR data were obtained for a
<100> orientation axis along the integration
direction p_  and the <110> axes along p and
p.. The ‘angular resolution for these
ex['periments was 1.5 mrad at FWHM so as to
maximize the counting rates with the 64 discrete
detector 2D-ACAR system. The Al samples, and
positron source were maintained in a 38 mm
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diameter vacuum system at 10 7-10 Torr
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and positioned between the pole faces of a ; J[
15-20 k6 magnet with suitable Pb shielding to !
shadow the positron source. Fig. 1 shows linear
and logarithmic perspective representations for
the experimental 2D-ACAR surfaces at 293 K
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1: Experimental 2D-ACAR surfaces and a
1D-ACAR peak-count rate result for Al

Fig.

(N(293)), (Bloch state) and two spectra at_613
and 903 K (Nt(613) and Nt(903}) from which

the Bloch state contribution has been removed.
The peak count rate “S" shaped curve is typical
of one of the three crystal orientations and the
circles on the curve indicate additional
temperatures where 2D-ACAR data were obtained.
The slope of the high temperature region of the
neak-count rate data is somewhat atypical of
most metals. In the case of Al this shape

single crystal [1,2].

parameter exhibits a greater slope at high
temperature than is observed for the temperature
dependence of the Bloch state seen at lower
temperatures prior to the onset of the effect
from *hermally generated vacancy trapping sites.

Trapping model analyses of this data, assuming
either monovacancies, or mono- and divacancies
in the equilibrium population, reveal several
important facts. First, that the temperature
dependence of the trapped fraction is



independent of the model chosen. The reason for
this is that such trapping model analyses fit to
the trapping rate, which is independent of the
partitioning of the positron among different
traps, while the enthalpy and entropy parameters
are quite sensitive to the model used. Second,
it is observed that at the highest temperatures
{>800 K), almost all the positrons are trapped,
and hence even if one invoked a temperature
dependent trapping rate or a temperature
dependent vacancy formation entropy, it would
have little influence on the peak-count rate
temperature dependence. Finally, in
consideration of relaxations around
monovacancies, which might account for a strong
temperature dependence; it is important to
remember that the positron is very localized in
the vacancy defect and cannot "see" beyond the
nearest neighbors. The only existing model for
such relaxations (6,7) proposes a 12.6 times
greater expansion coefficient for monovacancies
than for the lattice at 800 K; it is, however, a
result of long-range atomic relaxations to which
the trapped positron is Tikely insensitive. As
a consequence of this temperature dependent
behavior, variations are found in the deduced
vacancy formation enthalpy particularly when
comparisons are made between lifetime and
momentum (Doppler broadening or ACAR)
measurements (1,2,3).

2. THEORY

The calculated spectra are based upon a self-
consistent pseudopotential scheme including
electron-positron correlation applied to a
superlattice of defects. The electronic
structures for monovacancies and divacancies
were calculated using the self-consistent
pseudopodential method, in which the
environments of the vacancy defects were
simulated by a supercell containing 27 atom
sites (9-11). No atomic relaxations around the
vacancy defects were included although lattice
expansion effects were. The self-consistency
scheme was generalized to include positrons
through a formalism based on a two-component
density functional scheme (12). A
norm-conserving ab initio pseudopotential was
used for the electrons and a generalization of
the pseudopotential scheme of Kubica and Stott
(13) was used for the positron. The calculated
spectra were folded with the experimental
resolution and comparisons were made with the
experimental data.

3. COMPARISONS

In Fig. 2 Radial <110> slices (points) through
the experimental 2D-ACAR trapped-state spectra
Nt(903), Nt(848),N (773) and N_(613) are
compared with <111il> slices through the
theoretical 2D-ACAR spectra for monovacancies
(solid lines) and divacancies (dashed 1lines).
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Fiy. 2:Radial <110> slices through 2D-ACAR
surfaces for theory and experiment.

The lowest curve is a comparison between the
experimental results N(293) and the theoretical
Bloch-state spectrum, These comparisons show
that the theoretical calculations bracket the
experimental results above 613K, implying an
increasing fraction of the positrons
annihilating from divacancies with increasing
temperature. The trapped state spectra do,
however, exhibit more smearing than the theory,
likely a consequence of using a static model.

ACAR and Doppler broadening difference surfaces
between Al at low temperatures (Bloch-state) and
at high temperatures (defect-state) exhibit a
double maximum. It is reasonable then to see if
the theory used here reproduces this effect,
Fig. 38 show. the difference between the
N,{615) surface and N(293) while Fig. 3c is
tha difference between the theoretical monova-
cancy surface at 613 K and the thearetical Bloch
state surface at 293 K (N, (613)-N (293)).
Fij. 3= summarizes this comparison for-a <110>
slice with the points being the experiment and
the 1:ne the theory. Similar comparisons are
made ‘or the 903 K surface in Figs. 3b,3d, and
3f. Here in Fig. 3f the comparison is made to
both the monovacancy-Bloch, and divacancy-Bloch
theor=tical surface differences. As with the
absolute comparison in Fig. 2, the experimental
results are bracketed by the mono- and divacancy
resul“s. Earlier attempts to reproduce the
deubl- maximum had failed apparently because the
theoretical spectra had all been calculated for
the lattice -onstant at 0 K; the difference in
the lottice constant between room temperature
art tne elevated temperatures where the effects
from lefects are present appears to be important
T oadung this effect,
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3:Difference surfaces for theory and
experiment,

Fig.

Because the ACAR surfaces are linear
combinations of the positron states it is
possible to deduce the fraction of trapped
positrons which annihilate from the divacancy
state. The only uncertainty is that at 613 K we
do not know exactly what fraction of the
positrons might be in the divacancy-trapped
state but the good agreement with theory
suggests of the order of 0%. Table 1.
(right-most column) summarizes the deduced
values for the fraction of trapped positrons in
the divacancy state I as determined by the
present ACAR resu]gg. I may also be
determined if one knows the” toncentration of
mono- and divacancies and the ratio of the
positron trapping rates into these sites, The
concentrations have been obtained (14} from a
fit to the concatenated data from previous
differential dilatometry and post-quench
resistometry measurements. This leaves anly the
trapping-rate ratio as a free variable. Table
1. demonstrates that by assuming this ratio to
be of order 2 reasonable agreement is obtained
with the present results, while if the ratio is
1 a significant discrepancy is seen. This
conclusion is in reasonable accord with the
results of the only theoretical calculations of
this ratio (15,16).
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nKi o C. Co I,,(‘" |) IZ,( Y1) 2D acaR)
. Hyo °

754> 10 * 22710 7 0.0} 0.06 ot

LOO-10 4 13410 * 042 0.21 019
24110 4 53210 Y 018 0.11 034
41710 127.00 Y o) 0.38 0.44

613 79910 *
773 127+ 10 *
848 347400 ¢
903 67110 ¢

+ This is an assumed value

Tbl. 1:The fraction aof trapped positrons
annihilating from divacancies deduced
from ACAR and concatenated differential

dilatometry and post quench resistivity.
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